In an important and critical paper, Eng et al. [1982 Eng et al. [ (first published in 1981 ] compared two methods used to determine diastolic coronary pressure-flow relations: dynamic and static ones. The dynamic relation was obtained from the naturally decaying coronary pressure and flow during prolonged diastoles (cf. Bellamy, 1978) . The static relation was obtained by means of a reservoir perfusion system that imposed constant pressures on the coronary bed. It was found that the dynamic relation had a smaller slope (higher resistance) and a higher intercept (zero flow pressure) than the static relation.
The differences between the two pressure-flow relations are explained on the basis of a simple Windkessel model of the coronary circulation. It is assumed that the pressure applied to it is of a monoexponential form, decaying toward zero. This pressure is, in turn, determined by the Windkessel of the entire arterial system. However, aortic pressure does not decay to zero, as may be seen from Figure 6 of the paper by Eng et al. Even after occlusion of the left main coronary artery so that the two Windkessels are separated, aortic and coronary pressures both decay to about 25 mm Hg. See also Figure 1 of Bellamy (1978) , where circumflex and aortic pressures are superimposable at long times. When the dynamic relation between pressure and flow is now recalculated with a zero flow pressure Po which is the same for both beds [i.e., aortic pressure reads PA = K exp (-at)+Po], it is found that the slope of the dynamic graph with respect to the static graph is still modified by the factor l-(a/ etc), with a and ac the decay constants of entire and coronary arterial systems, respectively. The intercept, however, is now not affected' by capacitive effects and therefore does not need correction. If total arterial tree and coronary bed were to decay to different zero flow pressures, then the difference between these two pressures is to be used in Equation 2 of Eng et al. For a situation in which coronary pressure would decay to a lower value than aortic pressure, a minus sign in the equation is introduced. From these considerations, it follows that the correction factor for the zero flow pressure intercept of the dynamic pressure flow graph should deviate less from unity than the correction factor for its slope.
The correction factors (1-a/ac) for the intercepts found by Eng et al. are equal to 0.44 and 0.35 for the "left main" and "aortic" preparation, respectively, and the correction factors for slopes are 0.80 and 0.89 (values are calculated from Tables 1 and 2) . Thus, the correction factors for the intercepts deviate more from unity than those for the slopes, in both preparations. This is neither according to Eng's theory, predicting equal correction factors, nor to the more realistic model (i.e., aortic pressure not decaying to zero), which even predicts the opposite. Finally, it is not altogether clear why the differences between the dynamic and static pressure-flow relations would decrease during coronary vasodilation. Although coronary resistance decreases, coronary compliance increases for low pressures (Patel and Janicki, 1970; Arts et al., 1979) . A rough estimation from their data indicates that the decay constant remains about the same during vasodilation, implying similar corrections for control and vasodilated coronary beds. Unfortunately, the decay constants are not given in the paper by Eng et al. Reply to the Preceding Letters
The letters raise several issues that are difficult to answer unequivocally. First, an aortic offset pressure, A o , has been proposed as a modification of the simple model we presented. Undoubtedly, any modifications of the model will produce different calculated results. For instance, the addition of an upstream resistance into the model would modify the Pzf, as we demonstrated in the Appendix of our article. The inclusion of an aortic pressure offset does provide some interesting theoretical possibilities as described in the letters. Important differences are predicted depending on whether the aortic offset pressure is greater, equal to, or less than the coronary offset pressure. If the aortic offset pressure is greater than the coronary offset pressure, the calculations would predict that a Pzf cannot be achieved. This is because the aortic pressure is never lower than the coronary offset pressure, by definition. This prediction depends on the fact that the aortic decay constant is less than the coronary decay constant during a normal diastole, which, experimentally, appears to be the usual case. Yet, actual zero coronary flow under dynamic conditions during diastole has been demonstrated (Bellamy, 1978) . Does this mean that the aortic offset pressure must be either equal to or less than the coronary offset pressure? Without trying to avoid the issue of aortic vs. coronary offset pressures, we would like to describe some preliminary studies which may renier the issue somewhat moot. Although the aortic pressure after cardiac arrest may not decrease to 0 mm Hg, this does not necessarily imply that the pressure decays exponentially toward a unique value. Several complexities of the aortic decay curve were noted that made us unsure of the exact function. We have worked with a simple iterative procedure to estimate the aortic offset. Briefly, if the aortic pressure decay curve is described by the form: P(t) = A o + B*exp(-kt), the equation can be linearized into the form: ln(P -A o ) = -kt + ln(B). Analyzing an aortic pressure decay curve gives multiple P and t values, and a computer can be instructed to search for the A o (and the concomitant k and B) that results in a best linear fit to the equation as determined by the highest correlation coefficient. This method is similar to that employed by Sylvester et al. (1981) , except that A o is now a free variable rather than predetermined. We found that "best fit" A o varied from 0 to 75 mm Hg, depending on the last pressure value included in the data set. In general, the lower the aortic pressure decayed, the lower the "best fit" A o . In addition, taking a subset of points from the original set (i.e., first third, mid-third, etc.) gave best fit Ao that differed significantly from the overall best fit A o (all data points included). Of interest, neglecting an aortic offset invariably gave linear fits with correlation coefficients greater than -0.990. This exercise made it clear to us that the aortic pressure decay was a close, but not "perfect" exponential function with or without an offset; all arbitrary subsets of points in a perfect exponential function should yield a common offset value. From the theoretical calculations presented in the letters, it can be appreciated that minor variations of the boundary conditions or of the model itself can result in very important differences and divergent results. Thus, a "better" fit as determined by correlation coefficients may be just as incorrect as a "close" fit. We concluded that the true curve may be a multiexponential function (i.e., several capacitive components) or a complex function that is determined by a nonlinear aortic capacitance. Without knowledge of the true function, it is difficult to predict the exact effect on the Prf.
It is agreed that the simple model and the analysis we presented in Figure 6 may not fully explain our experimental results. A changing resistance during diastole may be a factor. An upstream resistance may have a significant influence on the instantaneous pressure-flow relationships (S. Permutt, personal communications, 1982) . Finally, the possibility of a complex aortic pressure driving function yielding apparent instantaneous pressure-flow relationships may be a significant factor. In our article, we recognized that the slopes of the dynamic pressure-flow relationships were greater than the static relationships. Thus, we discussed the issue of an increasing resistance during diastole which could not be readily assessed under dynamic conditions. With a changing resistance, it was clear that the predictions of the model could not be quantitatively satisfied. Despite these limitations, we believe that the coronary capacitance should be an important and integral part of any analysis incorporating these factors. A final thought on the aortic pressure "driving" function: although electrical analogies are attractive, representation of the aortic pressure during diastole as an independent driving voltage source may not be entirely correct. The aortic pressure function during diastole is dependent and the resultant of the run-off characteristics of the peripheral circulations. In this sense, it cannot be strictly considered as an independent source.
Dr. Hoki notes that since P o is a finite positive value, the model permits the possibility of a net negative coronary flow if the aortic pressure is below this value. This argument was used to suggest that A o and P o were not significantly different. In reality, if P o represents intramyocardial pressure or a critical closing pressure, no net flow can be generated by this "effective" back pressure, and thus a diode is needed to complete the electrical analogy. However, the model permits, and indeed predicts, the occurrence of coronary reflux under correct conditions as the result of a discharging capacitance function.
Dr. Hori suggests that the wrong portion of the coronary pressure decay after occlusion was used in our calculation of the coronary decay constant. The measurement of the pressure decay after occlusion has several significant problems. If the pressure decay after solenoid occlusion in Figure 1 of Dr. Hori's letter is inspected closely, there is a rapid drop in pressure from 90 to about 30 mm Hg, with a subsequent rapid rise to 55 mm Hg, followed by a slow decay. Analysis of this initial pressure interval in terms of a simple RC model requires significant imagination! Moreover, zero flow apparently was not achieved during this precisely measured pressure interval from 90 to 50 mm Hg. We have noted a similar phenomenon of a rapid fall in pressure (without the oscillation) followed by a slower decay in our occlusion experiments. We interpret the rapid fall in pressure to be due to several factors: (1) A resistance upstream to the capacitance. An instantaneous occlusion of the coronary artery would result in an obligatory instantaneous pressure drop by an amount determined by this upstream resistance. We have been increasingly convinced that the model that includes an upstream resistance to the capacitance may be the more realistic model to explain experimental findings. (2) Inertial properties of the blood. Inertial properties would tend to cause the initial pressures to drop rapidly, and, under correct conditions, to cause oscillations. (3) Nonlinear capacitance. Capacitance values may be smaller at the higher pressure values. These factors make an analysis of the pressure-decay curve in terms of a simple RC model extremely hazardous, especially in the initial portion of the curve. However, analysis of the curve remote from the transient incurs problems with autoregulatory responses. It is clear that there is a slow decay component after occlusion which is demonstrated in Dr. Hori's data as well. Whether this represents the intrinsic coronary decay constant is a reasonable debatable issue. Braakman et al. astutely raise the issue that a coronary vasodilator can influence both the capacitive and resistive properties of the coronary vessels. Thus, a priori, the effects of a coronary vasodilator on the intrinsic coronary decay constant (1/RC) may not be predictable. Our observations of the coronary pressure decay rate after occlusion in vasodilated preparations reveal a more rapid decay of the pressure as compared to the nonvasodilated state. This would indicate that the vasodilator we used, carbochromen, had its predominant effect on the resistance. Different vasodilators, perhaps nitroglycerin, may have important effects on the capacitance. The studies to which Braakman et al. refer deal with the epicardial coronary vessels. Thus, extrapolation of the results to the intramural vessels should be done with caution.
Dr. Hori calculates a capacitance value of about 0.063 ml/mm Hg based on data presented in our paper. In fact, our calculations using coronary occlusion pressure decay data result in "capacitance" values for the entire left coronary system in the same order of magnitude (0.02 to 0.05 ml/mm Hg). These values are large, and we do not know to what part of the coronary system it applies. Douglas and Greenfield (1970) performed their study to assess the "dynamic" compliance of the epicardial coronary arteries during systole. Inspection of Figure 2 in their study is quite instructive. A rapid rise in pressure (points a to b) occurs after rapid injection of 0.1 ml of saline. The change in pressure (upstroke) and the time of volume injection (0.15 to 0.24 sec) was used to calculate the compliance value. However, there is a subsequent fall in pressure (points b to c) which is comprised of an oscillatory portion and a slow decaying portion. This occurs prior to the recoil of the syringe. A pulse flow of about 25 to 30 ml/min superimposed on steady state flows of 0.3 to 2 ml/ min might yield higher pressures (as compared to more steady state conditions) if a resistance were present upstream to the site of capacitance. This upstream resistance can be an "on line" resistance or the inertial forces required to accelerate the vascular wall to a greater dimension (radial resistance). This radial resistance would not reveal itself under steady state conditions. If the pressure decay from points b Circulation Research/Vo/. 51, No. 6, December 1982 to c can be analyzed, the portion of the data after the oscillations may be more appropriate for comparison to diastolic phenomenon. Furthermore, the experiment involved embolization with glass beads of 200 micron size mixed with silicone. Since we do not know where the major portion of the coronary capacitance occurs, a large portion of the capacitance may not have been assessed. In all fairness, the study by Douglas and Greenfield (1970) was undertaken to look at the "dynamic" compliance of the epicardial arteries, and may be a fair description of events during systole. However, their results should be interpreted carefully when discussing capacitance characteristics during diastole. Several previous studies of the pressure-volume properties of the coronary vessels indicate capacitance values in the order of magnitude derived from our data (Salisbury et al., 1961; Morgenstern et al., 1973) . These studies assessed the capacity of the entire vascular system. More recently, Canty et al. (1982) demonstrated nonlinear properties of the coronary capacitance with values approaching the same order of magnitude. However, the occlusion experiments we performed were mainly to give a gross assessment of the coronary decay constant relative to the aortic constant which we believe are comparable in the presence of coronary tone. To use the calculated coronary decay constant in deriving actual capacitance values is a further step that we cannot be entirely confident in making.
Dr. Hori calculates a capacitance flow of 66.7 ml/ min using data from Figure 6 in our paper. This value compares favorably with the difference demonstrated between the static and dynamic pressure flow relationships in Figure 4 , even though they were from different preparations. We do not fully understand Dr. Hori's further calculation of the average difference between the static and dynamic pressure-flow relationships. It seems that if one desired the average difference between two relationships, one would have to integrate the area between the two relationships before dividing by the range. A resistance that increases at a decreasing rate can yield apparent pressure-flow relationships concave toward the flow axis, and one does not have to invoke a decreasing resistance to explain the phenomenon that Dr. Hoki points out. Referring to Figure 7 from our article, as resistance increases in diastole from time t = 0 to t = 3, the apparent pressure-flow relationship has a slope greater than the static relationships. If, just before t = 3, the increasing resistance decelerated to zero (no change after t = 3), the subsequent portion of the pressure-flow relationship would give an overall relationship that would be concave toward the flow axis. This example underscores the hazards in interpreting instantaneous pressure-flow relationships, since, in this case, directional resistance change would be seriously and incorrectly inferred.
Finally, Dr. Hori refers to a recent study by Klocke et al. (1981) who performed studies which were not identical to ours. The circumflex artery was cannulated in their experiments. Thus, collateral flow could have affected their results. In Figure 9 of the study of Klocke et al. (1981) , at least 4 to 6 data points were below zero flow, despite presumed constant pressure conditions. This could only occur if capacitance effects were not completely eliminated or if collateral flow effects were present.
We have been impressed with the ease with which experimental data can be misinterpreted and, accordingly, cannot be unequivocal about our own interpretations of our data. The data demonstrate a real discrepancy between static and dynamically derived relationships, and it seemed probable to us that capacitance is a significant factor. The model was not intended to be strictly quantitative, but, rather, to provide a framework to interpret experimental data.
Modifications of the basic model will undoubtedly be made when more experimental results are available. 
